Anadsorption isotherm for a heterogeneous surface is described on the basis of a multi-site occupancy model followed by a group-contribution assumption. Equations of single-and multi-component adsorptions are derived for systems of molecules consisting of several functional groups and a surface composed of active sites of different energies interacting with the groups independently. The isotherm equation reduces to the expression derived by Sparnaayin the special case wherea moleculeoccupies one site of the surface. The theory is applied to adsorption equilibria for systems of oxygen, nitrogen, and carbon monoxideon Molecular Sieves 5Aand 10X. Correlations of single-component isotherms are excellent for nitrogen and oxygen and fairly good for carbon monoxide; predictions of adsorption isotherms of binary gas mixtures are made satisfactorily by means of parameters determined from the best fit to each single-component isotherm.
geneity on a single-component adsorption isotherm is the decrease of the slope of adsorption against pressure. Sparnaay7) suggested many types of isotherms having a low slope of adsorption by assuming different kinds of active sites; however, the fundamental equation is based on the Langmuir model, characterized as a localized monolayer in which a molecule occupies one active site.2'3)
In a previous paper concerning a multi-site occupancy model,5) the authors pointed out that the slope of an adsorption isotherm decreases with increasing number of sites occupied by a molecule even when a homogeneoussurface is assumed. An extension to a heterogeneous surface of the multi-site occupancy model is given here, which may be charac- The total number of active sites Mis the sum of all Ma's (a=a,b,à"à"à"m) . A molecule consists of k groups; the numbers of sites occupied by each group are nun2, à"-nk. Let -8a£ be the adsorption energy per site when a group i of a molecule is attached on an active site a. The adsorption energies are assumed to be independent of either neighboring groups or neighboring sites.
WhenN molecules are adsorbed on a heterogeneous surface, the partition function of the system Q(N, M9 T) may be written as Q=h" I^(iV,M,{Nai})exp Wri) IH-AUrf/m (i) where Nai is the number of adsorption-pairs of sites a and a group /; {Nai} is a distribution of adsorption pairs (Na0, Nal, where the subscript aO stands for the site a to be empty; g(N,M, {Nai)} is a combinatorial factor, which is the number of distinguishable ways of distributing the TV molecules on the Msites under the condition of a specified distribution {N^}; js is the internal and vibrational partition function of a molecule, which is assumed to be independent of the frequency of molecular vibration 
where g0 is the combinatorial factor for a homogeneous surface and the superscript * stands for the random distribution corresponding to the homogeneous surface. The expression for g0 is given as
where £ is a constant relating to flexibility and the symmetric number of a molecule; n is the number of sites occupied by a molecule, given by the sum of all «f's 0=1,2, -" k). Substituting Eq.
(2) into Eq. (1) and replacing the summationby the maximumterm on the right-hand side of Eq. (1), we obtain the expression of In g as lnQ=Nlnjs+\ng0+ j: £ The problem to be solved may nowbe expressed as that of determining the adsorption-pairs distribution {Nai} which minimizes the Helmholtz energy of the system (or maximizes In Q) subject to constraints of Eqs. (5) and (6); thereafter, thermodynamic properties such as the chemical potential, the spreading 46 pressure, the internal energy, etc. are derived from partial differentiations of In Q with respect to N, M, or T. The method of undetermined multipliers is used to determine the distribution {A^J. From the condition of the maximumpoint with respect to variables {Nai}, we obtain the relations as In AT, ) kT Pl (7) (a=a,à"à"à"m;i=l,à"à"à"fc) where pt is a Lagrange multiplier relating to a group i originated from Eq. (5).
1.2 Chemical potential, spreading pressure, and internal energy
The chemical potential of an adsorbate /is, the spreading pressure of an adsorbed phase <P, and the internal energy U are derived from the partition function Q(N,M, T) according to a conventional procedure. Analytical expressions for each thermodynamic property are summarizedhere; someadditional relations are needed in the derivations, the details of which are given in Appendix 1.
Chemical potential: 
Equations (12) and (13) 
The above simultaneous equations are solved by meansof the Newton-Raphsonmethod, details of which are described in Appendix 2.
Adsorption isotherm
The chemical potential for an ideal gas of pressure where A is the thermal de Broglie wavelength;jg is the internal molecular partition function for a gas phase.
From the equilibrium condition that fi$=//, we obtain an adsorption isotherm, written in surface- 
Multi-component adsorptions
Consider the adsrobed phase containing molecules of C componentson a heterogeneous surface of m different site-groups, numbering different functionalgroupsinthecomponents suchthat /= 1,2, à" à" à" k. Let st be the number of sites occupied by a functionalgroup / and liA be the number of the group / in a molecule A. Then, the number of sites occupied by the group / in the molecule A, niA, is stliA; that is,
Let 7VA,7VB, à" à"à" JVC be the number of adsorbed molecules of A, B, à" à" à" C, respectively, and Nai be the number of adsorption pairs of sites a and a group i; 
The combinatorial factor g is expressed by Eq. (2); g0 is extended to a multi-component system as (5) and (6) Comparisons of the theory with experiment will be given later for the systems of nitrogen, oxygen, and carbon monoxideon Molecular Sieves. 2.1 Effect of the parameter r Figure 1 shows the calculated results of the surface coverage 6 against log(nKP) in cases where a molecule consists of unigroup occupying four sites and the surface has two different sites a and b; the assigned parameters are such that n=A, ral=1.0, rbl =r= 1, 10, or 100. The solid lines are the isotherms calculated at equimolar site-fraction (/a=/b=0.5). When the value of r increases, the slope in Fig. 1 decreases gradually, giving a stepped isotherm for large values of r. The broken lines are those calculated at the site-fraction where /a=0.9 and fh=0.1. The isotherms are close to the line for homogeneous surface (r= 1), having a stepped point at the surface coverage of 0.1 for large r. 2.2 Effect of the ratio of site-fraction to groupfraction in a molecule Figure 2 indicates the results calculated in cases where a molecule consists of 2 groups, 1 and 2, varying the group-fractions in a molecule under the condition that n1 -\-n2=4; two different sites a and b of equal amounts are considered (/a=/b=0.5). The values for rbl is assumed to be unity; rb2 is fixed at 100.
An important conclusion deduced from Fig. 2 is that whenfh>n2/n, the isotherms resemble that for a homogeneoussurface in shape, being parallel to each other. This is because the group 2 in a molecule occupies the more active site b without competition with each other, being accompanied by pairs a-1 in stoichiometric amounts corresponding to the b-2 as shown in Fig. 3 , indicate typical behavior of surface heterogeneity for nitrogen and carbon monoxide, lower slopes than that of oxygen though molecular sizes are not much different. For the sake of data reduction it is assumed that each gas molecule consists of unigroup and that the surface has two different sites, a and b; the latter site is labeled as more active. The site-fraction of the active site, /b, was assumed to be the ratio of the amount of cations to Danner and Wenzel.1} Agreementbetween the experiments and the present theory is not satisfactory but they are better than the predictions of the ideal adsorbed solution theory.
Concluding Remarks
The equation of an adsorption isotherm for a heterogeneous surface has been developed on the basis of multi-site occupancy model followed by a group-contribution assumption. Though the equation neglects adsorbate-adsorbate interactions, an additional term for the lateral interactions maybe the same as that for a homogeneous surface5} when the heterogeneous surface is the so-called "randomsurface" where sites of different energy are scattered completely at random.
Numerical calculations of the isotherm equation indicate the significance of the ratio of the sitefraction to the group-fraction in a molecule when a given group interacts with any specified sites. The theory has been applied to systems of oxygen, nitrogen, and carbon monoxide on Molecular Sieves 5A and 10X. Though the values for the fraction of active sites assigned in the present work may be subject to change, the sets of parameters determined from the data of single-component adsorptions are compatible with the physical properties of each molecule and maysupport the speculation that the more active sites are cations of the adsorbent. The theory can predict adsorption equilibria of binary mixtures by using the parameters determined from singlecomponent isotherms. It is noteworthy that the calculations do not include any extrapolation procedures Thermodynamics," Cambridge Univ. Press, London (1965) . 3) Hill, T. L.: "An Introduction to Statistical Thermodynamics," Addison-Wesley, Massachusetts (1 960). 4) Myers, A. L. and J. M. Prausnitz: AIChE/., ll, 121 (1965) . 5) Nitta, T., T. Shigetomi, M. Kuro-oka and T. Katayama: /. Chem. Eng. Japan, 17, 39 (1984) . 6) Nolan, J. T., T. W. McKeehan and R. P. Danner: J. Chem. Eng. Data, 26, 112 (1981) . 7) Sparnaay, M. J.: Surface ScL, 9, 100 (1968 Fundamental experiments on the solar-powered adsorption cooling system were carried out with small-scale apparatus simulating ideally a practical unit by employing a combination of silica-gel and water vapor as an example of the adsorbent-adsorbate combinations. A simple model which takes into account both adsorption properties and apparatus characteristics was proposed to interpret our experimental results quantitatively. Then the transitional behavior of heat and mass transfer in continuous adsorption-regeneration experiments was successfully interpreted by the model. The model proposed here is not a complete one and is to be considered as a first-step model for estimating operation with practical equipment. Also, the contribution of the level of regeneration temperature of adsorbents to the cooling performance was quantitatively clarified on the basis of the adsorption equilibrium relation, which is considered useful in choosing a favorable combination of adsorbent and adsorbate for the system.
Introduction
The adsorption cooling system has drawn attention since a demonstration unit using natural zeolites as adsorbents and water vapor as adsorbate was constructed and its performance was qualitatively reported by Tchernev.5) Guilleminot et al.4) suggested the feasibility of this system in comparison with the absorption cooling system from the viewpoint of thermodynamics. The principle of operation of this system is shown as a sketch in Fig. 1 . The system is composed of a packed bed of adsorbents, a condenser and an evaporator. A combination of adsorbent and adsorbate is confined in the closed system. In the adsorption cycle shown in Fig. l(a) , while adsorption is taking place in the adsorbent bed, evaporation of adsorbate occurs in the evaporator, absorbing heat from outside the system. Cooling is carried out by making use of this heat absorption. In the regeneration cycle shown in Fig. l(b) , since the temperature of the adsorbent bed rises by receiving solar heat, desorption and condensation of adsorbate takes place in the adsorbent bed and the condenser respectively. The most significant merit of this system is the absence of moving parts in principle, which is a point of difference from the absorption cooling system. As described above, the feasibility of the system is qualitatively suggested but quantitative studies for the design of practical equipment is not yet sufficient. In this work, from the standpoint of chemical engineering, a quantitative study of the system was made. Continuous adsorption-regeneration experiments were carried out with small-scale equipment simulating ideally a practical unit and the results obtained are interpreted by a simple model taking into account adsorption properties and apparatus characteristics. 
